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DSAC Enables a Scalable DSN Tracking
Architecture

Tomorrow’s 1-Way Navigation w/ DSAC Onboard

One antenna supports multiple s/c simultaneously

- —. 2

fAccurate s/c to s/c link extends network

@\ Any s/c in view of uplink can

track signal

Today’s 2-Way Navigation

One antenna supports one s/c

&«

M

7

Tracking split among s/c Downlink tracking shared by

multiple s/c




Standard Kalman Filter Scenario

« Standard assumption is the epoch of the state estimate and
measurements are coincident

f(@ = E[xg|Zyx = {24, ..., 2 }]

Xp = Pp p—1Xkg-1 T Wik k-1
— Hka + Vk

« What are the implications when these epochs are not coincident?
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Generalized Measurement Model

Uniform cadence of batch updates

Filter Update
Timeline
tk—l (—D tk tk+1
Prior Batch Epoch Current Batch Epoch Next Batch Epoch
Non-uniform cadence of measurements
Measurement ‘ Prior Batch Measurement Epochs ‘ Current Batch Measurement Epochs
Timedine || | | || | ||

Z‘j—ﬂ tj—l 5 tj+1
Current Measurement Epoch

Xip+1 =Pri1 kX ¥ Wit1k

Zj = HJX] —+ Vj

X = E[xk|Z]- = {zl, ...,zj}]

 The measurements arrive after the epoch of the state estimate of
interest, that is t; > t;
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Batch Sequential Filter

« Effect 'pulls forward’ process noise into the measurement model

.= H.P-: W .2 H-. .

/ A ! I'T . T
R, = E[vj,kvj,k] = H;Q;H; + R,

« The Kalman Filter equations are updated to a more general form
that admits correlations between measurement and process noise

Ry =Ry + K|z — H; kR | V {zj]tr <t < tis1)
Xk+1 = ¢k+1,kﬁ/t
Py = (1 - K;Hj )Py (1 - KjHj,k)T + K;R'; K| —

(1= KjH;1)S) i-1Kj = K;S; 1 (1 - KjHj,k)T-
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Space Clocks:
CSAC, USO, and DSAC

Allan Dewatlons Generated from
Slmulated Data |

10

10-12 |

AD(tau)

10-13 |

107141 5 .......................... S 4

— CSAC AD
— DSAC AD
— USO AD :
10° -15 T | |
10! 10° 103 104 10°

tau (sec)

Iris V1 and CSAC Test Set Up
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Simplified 2-D Clock Model with Phase and
Phase Difference Measurements

* Clock phase error and rate error dynamics
1
.X'J = X + Atj,kyk + Wj,k
— 2
Vi =Yk T Wik

« Correlated process noise

p— 1 1 -
2 2 1+3 2 42
af Atj . + 502 Atjy Eaz Atjy
Qjr = 1
EO-ZZAt]%k O'zzﬂtj,k

* Clock phase and phase difference measurements
1 4l
21 — 2 2
7| g+ vf = (-1 + oy
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Phase Error (s)

CSAC Clock Sim — Naive Filter (Standard KF)
vs Proper Measurement Weight Filter

mean error = 2.0715e-12, std error = 4.87049e-10,
le—9 mean sigma = 2.89477e-11, err > sig = 95%

— error
— 1 sigma [

0 20 40 60 80 100
Time (hours)

Suboptimal solution with naive filter

» Errors exceed 1-sigma uncertainty
95% >> 33%

August 2017

Phase Error (s)

2L — error

mean error = 5.17919e-13, std error = 4.48432e-11,
1le—9 mean sigma = 4.45324e-11, err > sig = 32%

— 1sigma

0 20 40 Time (hours) 60 80 100
Optimal solution with proper
measurement deweighting
» Filter sample statistics consistent with

1-sigma uncertainty
* Lower magnitude noise
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Deep Space One-Way Radiometric
Measurements

 Phase: ®&(t) = Ar(t) + c[xp(t) —x7(t —7)] = 1(t) — S(t) + T(t) +
PW(t) + M®(t) + b3 (t) + b + N + v(t)

ﬁ(;ﬁ’(t) ~ 0.1 mm/s with T =60 sec — AD ~ 3.E-13

* Range: R(t) = Ar(t) +c[xg(®) —xp(t—1)] +1(t) + S() + T(t) +
MR(t) + bR(t) + bR + &(¢t)

o.(t)~1-2m — AD ~ 1.E-10 on a 60 sec interval

« Clocks with AD > 3.E-13 at 60 sec a significant error source and will
require proper deweighting for optimal solutions
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Clock Phase Error (sec)

Mars OD Sim — Naive Filter (Standard KF) vs
Proper Measurement Weight Filter — Clock Only

with CSAC

Clock Phase Error - - Error Clock Phase Error - - Error
! ! — Sigma ! ! | — Sigma
0.0002 0.0002 - ;
0.0001 |- __0.0001}
0.0000 » g 0.0000 -
—0.0001 }-{- © —0.0001 —
—0.0002 —0.0002 —‘ .
T 20 50 20
Elapsed Time (hrs) Elapsed Time (hrs)
93% Outside 1-sig 20% Outside 1-sig
Suboptimal solution with naive filter Optimal solution with proper
» Errors exceed 1-sigma uncertainty measurement deweighting
93% >> 33% » Filter sample statistics consistent with

1-sigma uncertainty
* Lower magnitude short-term noise

August 2017 Il jpl.nasa.gov



103
102
10t

1071
1072

osition Error (km)

V)]

2 10

107

DSS 45->otto

10°}

Mars OD Sim — Proper Measurement Weight
Filter — All Errors — CSAC and DSAC cases

m T I— NEEEND. . NEEEEL . EEE)

103

—_ 2
£ 10
= 10}
2 10°
w -1
< 10

£ 1072

< 1073
wn

&’ 10740 TR Y

107

DSS 45->otto

60 80

10% Outside 1-sig

DSS 15-0tto |- - - lllllil ................ Illlilll ................. Iillllll ............. E.ullllll.._ DSS 15->otto |-
bss 65->otto LR 250 IIlllII4§0 IM_ Dsses_>ottoo_llllll
« Naive filter results (not shown) yield divergent OD solutions
« Expectedly, DSAC OD on par with traditional OD using 2-Way data
types, CSAC OD about an order of magnitude worse
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Proper measurement deweighting required

12 jpl.nasa.gov



Conclusions

« Batch sequential filtering with non-uniform measurement frequency
requires an alternate KF approach

* Naive use of the standard KF algorithms yields divergent
solutions when measurement error sources that participate in the
filter state are significant relative to instrument noise

* Modifying the measurement weight to include portion of process
noise in weight solves problem

 |ssues with correlated measurement noise or correlations with
process noise not as significant of an issue

 Investigation into other significant error sources such as solar
plasma (most significant error for two-way data types)
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